ABSTRACT The catalytic activity of the serine protein. ases is studied using molecular orbital methods on a model of the enzyme-substrate complex. A mechanism is employed in which Ser-195, upon donating a proton to the His-57-Asp-102 dyad, attacks the substrate to form the tetrahedral intermediate. As His-57 then donates a proton to the leaving group, the intermediate decomposes to the acyl enzyme. An analogous process takes place during deacylation, as a water molecule takes the place of Ser-195 as the nucleophile. The motility of the histidine is found to be an important factor in both steps. An attempt is made to include the effects of those atoms not explicitly included in the calculations and to comnpare the reaction rate of the proposed mechanism with that of the uncatalyzed hydrolysis. This mechanism is found to be in good agreement with structural and kinetic data.
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It has been determined that the chymotrypsin-catalyzed hydrolysis of substrates proceeds through an acyl enzyme intermediate (1) . The formation of a tetrahedral intermediate in the acylation step of trypsin was investigated in Paper I (2) , in which molecular orbital methods were used to study the charge relay system (3) and the attack of the serine residue on the scissile peptide linkage of the substrate. We report here a continuation of this work which includes both the acylation and deacylation steps in their entireties. The principal method used is partial retention of diatomic differential overlap (PRDDO), which closely reproduces minimum basis set (MBS) ab initio results (4) . Also included are terms which correct the errors introduced by use of an MBS.
RESULTS
The active site residues of trypsin were modeled as follows: by methanol, by imidazole, the Asp-102 anion by formate, and the scissile peptide linkage of the substrate by formamide. As described in Paper I, these molecules were then superimposed onto Huber's x-ray structure of the complex of bovine trypsin with bovine pancreatic trypsin inhibitor (5) . In this structure, the scissile peptide link is distorted towards a tetrahedral carbon. However, when methanol is included at its x-ray position, a geometry optimization of formamide yielded a very nearly planar carbonyl group (see Fig. 1A ). When the orientation of imidazole was optimized with respect to rotations about the Ca-CG and CG-CO bonds of His-57, we found a nearly bifurcated hydrogen bond between N61 and formate. The preferred orientation of methanol with respect to a rotation about its Abbreviations: PRDDO Cg-H5l bond axis (corresponding to the CO-Ca axis of ) is that of the x-ray structure. The configuration thus obtained, analogous to the bound enzyme-substrate Michaelis complex, E-S, is shown as A in Fig. 1 . We followed the formation of the tetrasubstituted intermediate (TI) as the composite of two separate processes. The first of these involved proton transfers from methanol to Nd2 of imidazole and, simultaneously, from N1' of imidazole to Oa2 of formate. The remaining geometry changes involved in the formation of the TI comprise the second. The most significant motions included here were (1) the rotation of methoxide around the C5-Hrl bond axis by 300 to attack Cf, ( 2) a motion of Cf up out of the carbonyl plane towards the approaching Os to form the tetrahedral adduct, and (3) the rotation of imidazole down towards Os, maintaining the OsNe2 hydrogen bond. A projection of the potential energy surface into the subspace defined by these two processes indicated that the methoxide attack does not begin until the proton transfers are about 80% complete. The transition state (TS) is encountered at half proton transfer, from which the reaction proceeds energetically downhill to the intermediate.
In order to obtain a quantitative estimate of the MBS errors (MBSE) which are a result of the inability of a MBS to deal adequately with the high electron density present on certain anions, the proton transfer AH + NH3 -A--H NH3 -0 A + N4+ [1] was monitored by both the PRDDO-MBS and 4-31G (6) methods. We define E(x) as the energy required to lengthen the A-H bond by some amount x, and we define MBSE(x) as EPRDDO(X) -Eis31G(X). For Table 1 .
When CH30-adds to HCONH2 to form the "tetrahedral" adduct, we find that the MBSE of the adduct is 50 kcal/mol less than that of the reactants (7). As HCONH2 is an electronically neutral species and, as such, would not be expected to have a large MBSE, we assume that MBSE CH30CHONH2-= MBSECH3O--50 kcal/mol and scale c for the adduct accordingly, i.e., [2] C CH30CHONH2 -C CH30-X (MBSECH30CHON2-/MBSECH,-) [3] The negative of the charge of a third proton placed on N to form CH30CHONH3 was taken as q°for this species (Table  1) . Since Table 2 . Application of the MBSE corrections to the TI thus obtained (C in Fig. 1 ), the TS (B) and the starting point (A) yields the energy profile shown in Fig. 2 . The explicit inclusion of MBSE corrections here is responsible for the difference between this profile and Fig. 3 of Paper I.
The breakdown of the TI is hypothesized to involve a proton transfer from NE2 of His-57 to the leaving group nitrogen (8) . In order to avoid the production of the highly unstable imidazole anion, an analogous process in our model system must also include the transfer of H6' back to N61 from 0.2 (see Fig. 1 ). Regardless of the position of imidazole, at least one of the protons will have to be transferred along a very weak or nonexistent hydrogen bond. This is a consequence of the large distance between 0.2 and Nf (9.0 A). A simultaneous transfer of the two protons resulted in a calculated energy barrier of about 100 kcal/mol. Thus the two transfers must occur in a step-wise fashion. The imidazole first moves up toward HCOOH by 0.5 A (D in Fig. 2 and Table 3 ). H61 is then transferred (E) from 0a2 to N61. (Suitable CO bond length alterations in formate accompany all such transfers.) As the positively charged imidazole then swings down towards Nf, it passes through an energetically favorable position, at which point there is a strong hydrogen (Table 3) . In order to study the analogous hydrolysis of an ester, HCOOH was substituted for HCONH2 as the substrate. We assumed that the model ester substrate will undergo geome--try changes during acylation which are quite similar to those of the amide. In all of the configurations involving the ester substrate (see Fig. 2 ), the QeHe group was substituted in the substrate such that the Cf-Oe bond direction coincided with the Cf-Nf direction of the amide and r(Oe-He) = 0.97 A. The Cf-Oe bond length was optimized, as was the angular position of He. In the initial configuration (A') as well as the TI (C'), He adopted a position cis to Of.
The deacylation of the acyl enzyme is hypothesized to proceed analogously to acylation with a water molecule taking the place of Ser-195 as the nucleophile (1). It was, there- With imidazole in approximately the same position from which it donated a proton to the leaving group in the previous step, the water molecule can fit in quite close to NE2, Cf, lOw-Hw-Nd2 = 180°. In this configuration (J in Fig. 3 ) both imidazole and water are "locked" in position; imidazole is at the bottom of a potential well with respect to its two allowed rotations, and water with respect to translations toward either Cf or NE2. The large distance between imidazole and formate (see Table 3 ) precludes a proton transfer between these two residues in this configuration. The transfer of a proton from the water will thus result in the production of an imidazolium cation. The potential energy surface for the formation of the tetrahedral adduct in deacylation was assumed to be qualita-*tively similar to that of the acylation step. § As proton Hwj was transferred from O to NE2, the energy of the system increased. After about 85% of the full transfer (K) the attack by the hydroxide on the ester was found by the PRDDO method to be energetically favorable. The optimized tetrahedral adduct was then formedl as the proton transfer was completed to yield configuration L. During this process (K L) the energy of the system decreases. The point at which the attack begins (K) is thus the TS for this reaction step. The nucleophilic attack included a translation of hydroxide of 0.8 A toward Cf and a motion of 0.3 A of the ester toward the approaching OH-. The bond lengths within the resulting adduct are presented in Table 2 . Application of the MBSE corrections to the points J, K, and L yields the energy profile shown in Fig. 4 .
After the proton transfer has been completed, the imidazolium cation is free to rotate to its most stable position (M in Fig. 3) . Here it forms a strong hydrogen bond to Os as well as weaker ones to formate (see Table 3 ). As shown by the branching in Fig. 4 It might be noted that the breakdown of the adduct in deacylation (M-Q) involves no energy barrier, largely because of the strong hydrogen bond between NE2 of imidazolium and Os in configuration M. A displacement of the proton of only 0.7 A is necessary in order for it to transfer completely from NE2 to Os. In contrast, the breakdown of the adduct in acylation (F-H) involves an energy barrier. The hydrogen bond between the imidazolium and the leaving group in configuration F is significantly weaker than the bond above (See Table 3 ), and the proton transfer to the leaving group requires a larger displacement of 1.1 A, thus yielding the transition state G.
The interaction of formamide with two water molecules was studied. Starting from the microwave geometry of formamide the CO and CN bond lengths were optimized (the geometry used is given in ref. 7) . The oxygen atom of the first water molecule (OlHaHb) was placed along the central axis of formamide such that gC-O,-Hab = 109.50. r(C-O1) was optimized to 2.57 A. The oxygen atom of a second water molecule (02HCHd) was positioned along the Oi-Ha bond axis such that <O1-02-Hcsd = 109.50. r(O1-02) was then optimized to 2.58 A. The internal geometry of both water molecules was assumed to be tetrahedral. As Ha is moved towards 02 the corrected energy of the system increases (by 66 kcal/mol for full transfer by 0.64 A), but at 83% transfer, where the corrected energy has increased by 50 kcal/mol, the interaction between O1 and formamide becomes attractive. At this point, a translation of formamide towards O1 by 0.2 A and a bending of its three substituents about C and away from 01 result in a calculated (PRDDO) stabilization of the system. Further proton transfer and corresponding decrease of r(C-O1) lead to additional stabilization and eventually to the production of the tetrahedral adduct HCO(NH2)OH-, similar to the reactions studied in ref. 7 .
In both the acylation and deacylation steps of our model enzyme the nucleophile delayed its attack upon the carbonyl group until it had acquired substantial negative charge. In our model enzyme, and presumably in the enzyme itself, most of the motion in nucleophilic attack is made by the nucleophile. The behavior of the above system in which the carbonyl group performs the required motion indicates that our results are not an artifact of the way in which our model enzyme was constructed. The development of considerable negative charge on the nucleophile in order for attack to take place appears instead to be a more general requirement.
DISCUSSION
The catalytic mechanism of this model system is in accord with experimental results. Acylating agents (8, 9) indicate -some freedom of His-57, and the rotation of Ser-195 as it attacks substrate is 20°in the x-ray study (5) and 300 in our study here. Proton transfer, as part of the rate-determining step in both acylation and deacylation, is consistent with deuterium isotope effects (1) . For the acylation of the amide substrate, our result that the rate is determined by breakdown of the TI is in agreement with experiment (10). For esters, complications arise, depending on how good a leaving group occurs in the substrate. Our theoretical result, that es--ters behave like amides, assumes essentially the same geometry for these classes of substrates. However, esters are normally much less rigid than peptides, and hence we modify the picture for esters in the following way. After the TI has been formed, and the imidazolium has begun to approach the putative leaving group, we rotate the adduct CH30-CHO(OH)-200 about its central C atom. The 0 atom of the leaving group (Oe) is then close enough to NE2 of imidazole to form a strong hydrogen bond (OeA..NE2). Now, the imidazolium need not rotate quite so far from formate in order to protonate the leaving group. These changes stabilize the point F' (Fig. 2) by some 20 kcal/mol, and the 2.6 A distance from°e to NE2 facilitates the subsequent proton transfer and accompanying breakdown, without a barrier, of the adduct. Thus, the activation energy for breakdown of the TI is smaller than that for its formation. Our model also predicts that the formation of the TI is rate determining during deacylation, in accord with experiment (1).
In our model system, only a small fraction of the actual enzyme-substrate is present, so that many quantum mechanical, electrostatic, and other effects are not included explicitly. For example, the carbonyl oxygen of the scissile linkage is hydrogen bonded to two residues in the enzyme (8) . As this oxygen acquires a formal negative charge in the adduct, these hydrogen bonds would strengthen. In a model in which one water molecule was hydrogen bonded to this oxygen atom this stabilization was 25 kcal/mol greater for the tetrahedral adduct (C) than for the formamide substrate (A). This additional interaction would uniformly stabilize segments C-F (Fig. 2 ) and L-P (Fig. 4) by about 25 kcal/ mol in our reaction profiles. Point G and the shoulder between M and Q would be lowered by perhaps half of this amount. An energy barrier may then develop between M and Q, but the remaining parts of these profiles would remain essentially unchanged. In the acylation step, both formation and breakdown of the TI become nearly thermoneutral. Breakdown remains rate determining for the amide substrate. However, for the adduct involving the model ester substrate the freedom allowed above makes formation of the TI rate determining. Points P and R now have nearly equal energies. However, if the free energy of loss of hydrolyzed substrate from the pocket is dominated by the energetics, the E + P2 part of Fig. 4 would be destabilized and a reversal may occur between the energies of P and R. This reversal and the energy barrier which may exist between M and Q might result in observation of an intermediate in deacylation.
Also charge-dipole and dipole-dipole (permanent or induced) interactions occur between excluded atoms and atoms of the model. These interactions, not included here, may introduce strain but may stabilize charged states. An example may be the possible stabilization by the protein of the incipient OH-produced in the TS in the formation of the intermediate in the deacylation step. Although we have used the x-ray coordinates to simulate conformational changes of the important residues of the enzyme during the course of catalysis, some motions not anticipated here may be important. For example, some possible translational freedom of Asp-102 may stabilize states in which His-57 is positively charged. For these reasons, we feel that our detailed mechanism is qualitatively correct, but that the activation energies (which are probably upper limits) may be too large by a factor of 2 or 3 as compared with those observed experimentally (1 1).
The effect of general acid-base catalysis is qualitatively illustrated by the theoretical activation energy of 50 kcal/mol found for the uncatalyzed formation of a tetrahedral adduct from formamide and water. This value is greater by 16 kcal/ mol than that for our model (Fig. 2) , and probably illustrates the greater effectiveness of His-Asp over H20 as catalyst for nucleophilic addition. If only one third of this difference is effective the charge relay system enhances the rate over that for water by about 104. The His-Asp dyad is also an effective proton donor, since the catalytic activity of chymotrypsin is greatly reduced when Nd2 (His-57) is methylated (12) . I i I I Mock (13) has given unusual weight to a requirement that the proton donor and nucleophile function on opposite sides of the plane of a scissile peptide bond in a particular orientation related to initial distortion of that bond. Chymotrypsin violates these requirements.
In summary, the serine which attacks and adds to the substrate's carbonyl group becomes a powerful nucleophile as it transfers a proton to the basic His-Asp dyad. We find (2) that the buried Asp is the stronger base of this dyad, and that it is the ultimate proton acceptor of the charge relay (3). The substrate, His-57, and the rest of the enzyme are responsible for maintaining Asp-102 away from solvent in the hydrophobic environment, and His-57 acts as a proton relay between Asp-102 and other parts of the active site. The motility of His-57 is a vital part of the enzymic mechanism. In addition, Asp-102 may increase the proton affinity of His-57, as suggested in our model by a -34% increase in proton affinity of this imidazole when formate anion is added to our otherwise intact model.
Thus we have outlined an energetically plausible catalytic mechanism for the serine proteinases. We have started from an enzyme-substrate model which neglects some aspects of strain which arise partly from binding of a longer substrate and partly from entropy of desolvation, and we have neglected other entropy effects as well.
